OBJECTIVES: Few studies have evaluated long-term diaphragmatic function in congenital diaphragmatic hernia (CDH). The aim of our cross-sectional study was to assess diaphragmatic function in infants and young children with CDH after surgical repair.
INTRODUCTION
Congenital diaphragmatic hernia (CDH) is a rare malformation with an incidence of about 1/2200-1/5000 newborns. The developmental defect of a hemidiaphragm is usually associated with pulmonary hypoplasia, abnormal pulmonary vascular development and vasoreactivity. Pulmonary hypoplasia is one of the hallmarks of CDH and a major contributor to the immediate and long-term respiratory morbidity [1] . Several studies have assessed lung function from birth to adulthood in CDH survivors [2] [3] [4] [5] [6] . CDH survivors were shown to have reduced forced vital capacity for several weeks after the repair of the defect [2, 7] and reduced forced expiratory volume in 1 s with a relative preservation of exercise capacity in adolescence and adulthood [3, 8, 9] . Although compensatory growth does occur, mild-to-moderate airway obstruction may still be present in adolescents and young adults [3, 5] .
Some studies have investigated respiratory muscle strength in infants with CDH [3, [10] [11] [12] and in particular diaphragmatic function [11, [13] [14] [15] and strength [10, 11, 16] with variable results. Diaphragmatic strength, assessed by crying inspiratory transdiaphragmatic pressure (Crying P di ), and the maximum mouth inspiratory pressure during crying (cPimax) were found to be comparable in neonates after repair of CDH to healthy age-matched controls (median post-natal age 18.5 days, range 10-51) [16] . Similar results were observed in older infants (post-natal age 3.6 ± 1.2 months) [10] . In contrast, other studies reported a reduced cPimax (29 ± 16 cmH 2 O) at birth in neonates with CDH (gestational age 36.6 ± 2.6 weeks) when compared with healthy term newborns (89 ± 19 cmH 2 O) [12] , with a marked increase during the first months of life and a rate of increase comparable to healthy term infants. A low cPimax (69 ± 19% predicted) was also observed in older children (13.2 ± 2.2 years old) when compared with age-and gendermatched controls (84 ± 16% predicted) [3] . However, no study reported the long-term evolution of diaphragmatic function.
Patch repair is an indirect marker of a greater diaphragmatic defect and thus of more severe disease [4] . Some studies investigated the relationship between the need for patch repair of CDH and outcome [4, 17, 18] . They found that infants requiring patch repair have a significantly higher mortality and morbidity than those undergoing primary repair. Moreover, a recent study on an animal model for neonatal repair of diaphragmatic defects compared maximum transdiaphragmatic pressure (P di ) in 6-week-old rabbits with Gore-Tex patch repair of a 3 Â 3 cm diaphragmatic defect with the controls [19] and found reduced maximum P di in patched animals.
The aim of this cross-sectional study was to assess the respiratory muscle function in children with CDH, with a particular focus on diaphragmatic function, within the first 5-6 years of life. The possible role of the CDH defect side and the type of surgical repair were also evaluated.
MATERIALS AND METHODS

Patients
All the patients followed up in our tertiary paediatric hospital for CDH, between February 2014 and January 2016, were enrolled during their routine follow-up. Patients were included at the time of hospital discharge (Y0), around the age of 1 year (Y1) or around the age of 5 years (Y5). Patients with a post-natal diagnosis of CDH after 1 month of life were not included. Clinical data, with the CDH side, patch use, antenatal estimated pulmonary volume (VL A ) assessed on magnetic resonance imaging and the lung over head ratio (LHR) estimated between 22 and 28 weeks of gestational age and liver position were analysed.
The study was approved by the local institutional board (No. 2015-A01405-44, on 6 January 2016), and all the parents gave their informed consent.
Respiratory muscle tests
Respiratory muscle function was assessed as described elsewhere [20] , when the patients were in a stable state.
Breathing pattern and respiratory muscle function.
Non-volitional tests. An oesogastric catheter (Gaeltec, Dunvegan, Isle of Skye, UK) was inserted pernasally after careful local anaesthesia as described elsewhere [21] . P di was obtained by subtracting on line the oesophageal pressure (P es ) signal from the gastric pressure (P gas ) signal.
Breathing pattern was measured during quiet breathing using a pneumotachograph (Fleisch no. 3, Lausanne, Switzerland) connected to a face mask or a mouthpiece. Respiratory rate (fR) and tidal volume per body weight (V T /kg) were measured. The P gas to P es swing ratio (DP gas /DP es ) was used to assess the relative contribution of the respiratory muscles to tidal breathing [22] . A value ranging between -1 and 1 indicates an ever-increasing contribution of the ribcage and expiratory muscles, when compared with the diaphragm, to tidal breathing. This ratio becomes equal to 1 in case of complete diaphragmatic paralysis.
The global inspiratory muscle and diaphragmatic effort of the patient were assessed during quiet breathing by calculating the oesophageal (PTP es ) and diaphragmatic pressure-time products (PTP di ), respectively. Both PTP es and PTP di were expressed per minute (PTP es /min and PTP di /min) [20] .
Volitional tests. To determine the strength of inspiratory muscles in infants at Y0 and Y1, crying inspiratory oesophageal (Crying P es ), gastric (Crying P gas ) pressures and Crying P di were recorded during natural or provoked crying [23] . Absolute values of Crying P es under 80 cmH 2 O at Y0 and under 100 cmH 2 O at Y1 were considered as abnormal. Negative Crying P gas was considered as abnormal. Crying P di values under 60 cmH 2 O at Y0 and under 70 cmH 2 O at Y1 were considered as abnormal. Older children (Y5) were asked to perform at least 10-20 short, sharp maximal sniffs [24] , and the maximal P es (Sniff P es ), P gas (Sniff P gas ) and P di (Sniff P di ) were retained for analysis. Absolute values of Sniff P es under 60 cmH 2 O and Sniff P di under 80 cmH 2 O were considered as abnormal. Negative Sniff P gas was considered as abnormal.
The strength of expiratory muscles was measured by provoking cough in infants (at Y0 and Y1) or by asking the patient to perform a maximal cough (at Y5). The peak P gas value (P gas Cough) among at least 5 maximal coughs was retained for analysis. Values under 120 cmH 2 O were considered as abnormal.
The oesophageal tension time index (TT es ), which estimates the overall endurance of the inspiratory muscles, and the diaphragmatic tension time index (TT di ), which estimates the endurance of the diaphragm, were calculated. A TT es value over 0.30 and TT di value over 0.18 were considered as abnormal.
Statistical analysis
Population variables were expressed as mean ± standard deviation. Comparisons between qualitative data were done using the v 2 test. Comparisons between quantitative data were done using the one-way analysis of variance (ANOVA) test in case of normal distribution or the Kruskal-Wallis ANOVA on Ranks test, otherwise. Correlations between VL A and LHR and the respiratory parameters at Y0, Y1 and Y5 were assessed using the Pearson's correlation test in case of normal distribution or the Spearman's correlation test, otherwise. Normality was assessed using the Shapiro-Wilk test. A P-value <0.05 was considered as statistically significant.
RESULTS
Patients
Thirty-six patients were enrolled. Ten patients had a post-natal diagnosis of CDH. Four of these 10 patients were included, because diagnosis was made at birth with a surgical repair within the first 5 days of life. The 6 other patients were not included because CDH was diagnosed between 1.5 months and 2 years of age. Two other children were excluded because of the impossibility to perform the respiratory muscle tests. Therefore, 28 patients (24 left-sided CDH) were included for subsequent analysis (Table 1) .
Among these 28 patients, antenatal VL A and LHR could not be estimated in 1 patient because of late antenatal diagnosis and in the 4 patients with post-natal diagnosis. Moreover, LHR was not available in 4 infants at Y0. For the remaining patients, mean VL A was 42 ± 10%, with only 1 patient having a VL A <25% and 11 patients having a VL A >40% (Table 1 ). Mean LHR was 1.8 ± 0.6, with the same patient with VL A <25% having an LHR <1 and 5 patients having an LHR >2. Liver was positioned in the thorax in 10 patients. The most preterm patient (34 weeks + 2) had an antenatal plug between 28 weeks and 33 weeks + 4 of gestational age. A total of 6 patients (1 assessed at Y0, 4 at Y1 and 1 at Y5) were born prematurely (range 34 weeks + 2-36 weeks of gestational age). Gestational age was significantly different between the 3 groups (P = 0.015), with patients assessed at Y1 having the youngest gestational age due to a majority of preterm born infants.
Surgical repair was performed at a mean age of 2.0 ± 1.2 days (range 0-5 days). Only a few patients had patch repairs. Indeed, repair was done by simple suture in 23 patients, by placing a diaphragmatic patch in 2 patients and using a diaphragmatic and abdominal wall patches in 3 patients. Subsequently, a diaphragmatic patch was necessary about 2 months after initial surgery in 1 patient (Y1) because of a suture break, while in another patient (Y5), removal of the abdominal wall patch was performed about 6 months after surgery because of a breakdown of the parietal suture (Table 1 ). Around 90% of the patients tested at Y0 and Y5 had a primary repair against only 30% of the patients tested at Y1 (P = 0.03). Concerning the survival rate, of the 26 patients operated in the neonatal period and now aged about 5 years, 15 (58%) survived and 10 were included in the study; of the 9 patients operated in the neonatal period and now aged about 1 year, 8 (89%) survived and 6 were included; of the 21 neonates operated, 18 (86%) survived and 12 were included. All the children included in this study are still alive.
Breathing pattern and respiratory muscle function
Mean fR was high at Y0 (64 ± 15 b/min, range 52-102), with 3 patients having an fR >70 b/min, with normal values in Groups Y1 and Y5 (Table 2) . Mean VT/kg was within normal range at any age ( Table 2 ). Mean DP gas /DP es was quite similar in the 3 groups, indicating an ever-increasing contribution of the ribcage and expiratory muscles to tidal breathing ( Table 2) . PTP es /min and PTP di /min were significantly increased at Y0, with a wide distribution among infants but were within normality in Groups Y1 and Y5 ( Table 2 , Fig. 1 ).
Mean TT es was normal at every age. Mean TT di was high at Y0 (0.10 ± 0.04), with a wide distribution and only 1 patient having a value above the fatigue threshold of 0.15 and significantly decreased in Group Y5 (0.03 ± 0.01; P < 0.001) ( Table 2 , Fig. 1 ).
Crying P es /Sniff P es was within normality and stable with age ( Table 2 , Fig. 2 ). However, diaphragmatic strength was decreased at Y0 (Crying P di , 47 ± 18 cmH 2 O) and Y1 (Crying P di , 57 ± 26 cmH 2 O), with values within normality in the Group Y5 (Sniff P di , 81 ± 15 cmH 2 O). This was associated with a severely negative P gas at Y0 (Crying P gas , -58 ± 22 cmH 2 O) and Y1 (Crying P gas , -53 ± 36 cmH 2 O). This diaphragmatic dysfunction was still present in Group Y5 but to a lesser extent and a positivation of Sniff P gas (3 ± 9 cmH 2 O). P gas Cough was normal and stable at any age ( Table 2 , Fig. 2) , with a low value in only 1 infant at Y0.
The only correlations observed were strong positive correlations at Y0 between VL A and TT di (r = -0.961, P < 0.001) and between LHR and PTP es /min (r = -0.936, P = 0.006) ( Table 3 , Fig. 3 ). Data are represented as mean ± standard deviation. The liver position and the type of CDH repair (no patch, 1 patch or 2 patches) were significantly different between the 3 groups (P = 0.012 and P = 0.03, respectively). Birthweight, CDH side, VL A , LHR and age at surgery were not significantly different between the 3 groups. *P = 0.015: Significantly different compared with Y0 and Y5. CDH: congenital diaphragmatic hernia; F: female; L: left; LHR: lung over head ratio; M: male; P0: primary repair by suture; P1: diaphragmatic patch; P2: 1 diaphragmatic patch + 1 abdominal wall patch; R: right; VL A : antenatal estimated pulmonary volume assessed on magnetic resonance imaging; Y0: assessment before hospital discharge at birth; Y1: assessment between 1-2 years of age; Y5: assessment between 5-6 years of age. Y1 (n = 6) Y5 (n = 10)
Breathing pattern fR (b/min) 64 ± 15 (n = 12) 36 ± 7 (n = 5) 27 ± 5 (n = 9) VT/kg (ml/kg) 7.1 ± 3.8 (n = 7) 9.6 ± 1.7 (n = 3) 11.8 ± 2.6 (n = 9) DP gas /DP es -0.3 ± 0.1 (n = 12) -0.4 ± 0.2 (n = 5) -0.4 ± 0.2 (n = 6) PTP es /min (cmH 2 OÁs/min) 185 ± 57 (n = 12) 114 ± 41 (n = 5) 131 ± 56 (n = 8) PTP di /min (cmH 2 OÁs/min) 249 ± 74 (n = 12) 141 ± 38 (n = 5) 159 ± 31 (n = 6) Respiratory muscle strength and endurance Crying/Sniff P es (cmH 2 O) -103 ± 23 (n = 12) -109 ± 33 (n = 6) -82 ± 14 (n = 8) Crying/Sniff P gas (cmH 2 O) -58 ± 22 (n = 12) -53 ± 36 (n = 5) 3 ± 9 (n = 7) Crying/Sniff P di (cmH 2 O) 47 ± 18 (n = 12) 57 ± 26 (n = 5) 81 ± 15 (n = 7) P gas cough (cmH 2 Data are represented as mean ± standard deviation. Crying P di : crying inspiratory transdiaphragmatic pressure; Crying P es : crying inspiratory oesophageal pressure; Crying P gas : crying inspiratory gastric pressure; fR: respiratory rate; P gas cough: gastric pressure during a maximal provoked or spontaneous cough; PTP di /min: diaphragmatic pressure-time product per minute; PTP es /min: oesophageal pressure-time product per minute; Sniff P di : transdiaphragmatic pressure during a maximal sniff; Sniff P es : oesophageal pressure during a maximal sniff; Sniff P gas : gastric pressure during a maximal sniff; TT di : diaphragmatic tension time index; TT es : oesophageal tension time index; VT/kg: tidal volume per kilogram of body weight; Y0: assessment before hospital discharge at birth; Y1: assessment between 1-2 years of age; Y5: assessment between 5 and 6 years of age; DP gas /DP es : gastric pressure over oesophageal pressure swing ratio.
DISCUSSION
Our cross-sectional study is the first to report the long-term evolution of respiratory muscle function in infants and children with CDH repair. Our main findings show that infants have a diaphragmatic dysfunction with a decrease in diaphragmatic strength and endurance after surgery and at 1 year of age, with a correction by the age of 5 years. Our population comprised about 80% of children who underwent primary repair. The impact of the CDH defect side or patch repair on diaphragmatic function could not be assessed because of a low number of patients with right-sided defect or patch repair. CDH is characterized by a variable defect of a hemidiaphragm with the herniation of the abdominal viscera into the thorax. This may result in lower than usual intra-abdominal pressure, which may hinder normal diaphragmatic growth, resulting in a decrease in muscular contracting fibre number and/or mass [11, 13, 16] . Moreover, the absence of abdominal support and the decreased radius of the diaphragm curvature could limit antenatal foetal breathing and the strength of diaphragm contraction [25] . Mechanical stimuli are indeed necessary for normal growth of the foetal lung [26] .
In our study, patients, and in particular infants with recent CDH repair, were able to maintain normal breathing despite surgery. Indeed, VT/kg was normal at any age, with a high fR at Y0 probably necessary to compensate for the high respiratory output (PTP). This may be explained by an ever-increasing contribution of the ribcage and expiratory muscles to tidal breathing, as observed in patients with unilateral or bilateral diaphragmatic weakness, to compensate for diaphragmatic weakness [27] . Also neither the respiratory function nor the respiratory effort was found to be significantly affected. Indeed, as in other studies [10, 16] , we analysed the diaphragmatic muscle function. We found Crying P di values quite similar to those reported by Dimitriou et al. [16] , with a significant improvement with age as reported by Kassim et al. [12] who assessed the global inspiratory muscles. The expiratory muscle strength was also normal at any age, with the lowest value observed in the only infant with an abdominal wall patch evaluated at Y0 (P gas Cough of 75 cmH 2 O), underlying the relative preservation of abdominal muscles function despite surgery. Moreover, the endurance of the diaphragm was under the fatigue threshold [28] in all our infants but 1, who required non-invasive ventilation because of complex surgical outcomes, underlying the fact that the diaphragm was mainly able to cope with the increased respiratory effort.
However, we could not determine whether only the affected diaphragm was weakened or whether the contralateral diaphragm was also affected, as the respiratory parameters reflect the resultant function of the 2 hemidiaphragms. Results from Figure 2 : Inspiratory and expiratory muscle strength according to age. Oesophageal (A), gastric (B) and transdiaphragmatic (C) pressures during inspiratory forceful manoeuvres (crying or sniff). Gastric pressure during a provoked or spontaneous cough (D). Black circles: Left-sided diaphragmatic hernia; white circles: right-sided diaphragmatic hernia; dashed line: lower limit of normality; Crying P di : crying inspiratory transdiaphragmatic pressure; Crying P es : crying inspiratory oesophageal pressure; Crying P gas : crying inspiratory gastric pressure; P gas cough: gastric pressure during a maximal provoked or spontaneous cough; Sniff P di : transdiaphragmatic pressure during a maximal sniff; Sniff P es : oesophageal pressure during a maximal sniff; Sniff P gas : gastric pressure during a maximal sniff.
other studies are controversial. Indeed, a study on 5 infants with CDH showed that they had a trend for a longer phrenic nerve latency and smaller compound muscle action potential on the affected side when compared with the contralateral side [11] . Twitch P di produced by the unilateral magnetic stimulation of the phrenic nerve (TwPdi) also tended to be lower on the affected side in CDH infants. Arena et al. [14, 15] found, using M-mode sonography, that the motility of the repaired diaphragm (with no patch) was reduced, even after a long period, but that this did not affect the respiratory function in CDH repair survivors. Moreover, despite a reduced motility, the diaphragm maintained a good contractility during forced respiration. The lowest level of diaphragmatic excursion during quiet breathing was observed in patients showing distortion of both the diaphragm and the thoracic cages, associated with thorax asymmetry and hypoplastic left lung. However, in contrast, patients with good pulmonary development had normal or near-normal diaphragmatic excursion. This asymmetry has also been highlighted in a recent study that used optoelectronic plethysmography in children with CDH [13] . A significant rearrangement of the contribution of the chest wall compartments to tidal volume was observed. The reduced action of the affected hemidiaphragm resulted in significant thoraco-abdominal asynchronies and a marked asymmetry in the expansion of the pulmonary ribcage. Importantly, this alteration differed according to the presence or the absence of diaphragmatic patch, with patients with diaphragmatic patching having a significantly reduced contribution of the abdominal compartment to tidal breathing because of a larger diaphragmatic Bold values correspond to statistically significant correlations. Crying P di : crying inspiratory transdiaphragmatic pressure; Crying P es : crying inspiratory oesophageal pressure; Crying P gas : crying inspiratory gastric pressure; LHR: lung overhead ratio; MRI: magnetic resonance imaging; P: P-values; P gas cough: gastric pressure during a maximal provoked or spontaneous cough; PTP di /min: diaphragmatic pressure-time product per minute; PTP es /min: oesophageal pressure-time product per minute; r: coefficient of correlation; Sniff P di : transdiaphragmatic pressure during a maximal sniff; Sniff P es : oesophageal pressure during a maximal sniff; Sniff P gas : gastric pressure during a maximal sniff; TT di : diaphragmatic tension time index; TT es : oesophageal tension time index; VL A : antenatal estimated pulmonary volume; Y0: assessment before hospital discharge at birth; Y1: assessment between 1-2 years of age; Y5: assessment between 5-6 years of age. impairment. However, this rearrangement allows these patients to reach normal values of VT/weight. On the contrary, another study in 8 infants with CDH found that TwPdi of the affected and contralateral sides were significantly lower when compared with 8 matched controls [16] . The authors speculated that the significantly lower right TwPdi of the CDH infants with left-side defects was, at least in part, due to poor antenatal diaphragmatic development. Further studies are therefore required to better understand the pathophysiology after CDH repair and the consequences on quiet and forced respiration. A recent report found the diaphragmatic defect size to be the only independent risk factor associated with higher mortality rate [18] . Moreover, Valfrè et al. [4] showed that patch repair correlates with higher long-term morbidity. However, further studies are necessary to assess the impact of diaphragmatic defect size on long-term morbidity. In an attempt to identify a potential relationship between antenatal data and longitudinal diaphragmatic dysfunction, we found that only VL A was correlated to diaphragmatic capacity, expressed as diaphragmatic endurance, in the neonatal period. However, we could not separate the patients according to the type of repair, as only 6 patients of 28 required a patch, to adequately evaluate the effect of patch repair on diaphragm function.
Limitations
Our study has several limitations. First, our study is a cross-sectional study, so we had not the inter-individual evolution of diaphragmatic function within the first 5 years of age. Second, it was not possible to compare the respiratory data according to the defect side or the type of surgical repair, as the number of patients with right-sided CDH or with diaphragmatic patch was too low. Moreover, patients with a post-natal diagnosis after 1 month of life were not included, as we believed these patients may present a less severe disease [29] . Therefore, the findings of this study have to be interpreted accordingly. Third, only volitional tests were used to evaluate respiratory muscle strength, which may underestimate the real strength due to submaximal effort or the lack of cooperation. Moreover, the respiratory muscle strength was assessed at Y0 and Y1 during crying with no occlusion of a face mask, which could have led to slightly lower values [12] . Finally, we compared respiratory muscle strength data resulting from different techniques.
CONCLUSION
In conclusion, these pilot results show that neonates and infants with CDH repair present diaphragmatic weakness and dysfunction that normalize by the age of 5-6 years. VL A correlated with diaphragmatic capacity in the neonatal period. Further studies should focus on the side effect (left/right) of CDH, as the rightsided CDH seems to be the 'unique' disease [30] , and diaphragmatic patch effect, as patch repair is an indirect marker of disease severity, on longitudinal diaphragmatic function. The longitudinal data of our population should be available within a few years.
